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Human skin is composed of several layers which are 
characterized by a specific macromolecular organiza-
tion of connective tissue. Three approaches were used 
to quantify the collagen types present in each of the 
different layers: biochemical analysis of authentic tis-
sue, metabolic labeling of organ cultures, and metabolic 
labeling of fibroblast monolayers. We obtained repro-
ducible evidence for a somewhat higher ratio of type Ill/ 
type I collagen synthesis in the papillary dermis and the 
subcutaneous fat compared to the reticular layer. Con-
stant amounts of al(I) trimers and type V collagen were 
found in all layers. The degree of hydroxylation of lysine 
in either type I or type III collagen was the same in any 
layer of the skin . 
Skin is a n organ composed of anatomically different areas 
with a complex organization of structural and cellular constit-
uents (1] . T hese a reas have to fulfil different biologic functions, 
which are in pa rt reflected by the spec ific macromolecular 
organization of t he constituent molecules. The papillary layer, 
adjacent to the epidermal basement membrane, appears as a 
loose connective t issue network, containing thin collagen fi -
bri ls . In contrast, the reticular layer shows a dense connective 
t issue matrix with thick, regular ly oriented bundles of fibri ls. 
Below the reticu lar layer, in t he subcutaneous fat t issue, the 
co llagen molecules are found in fibrous trabeculae as well as in 
fine woven matrix surrounding t he adipocytes. Coll agenous 
proteins ex ist in various polymorphic types and differences in 
the composition of these types may determine the arrangement 
of s ingle mol ecul es into fibr il s in a given tissue [2,3]. In add i-
t ion , coll agen molecules have to undergo several posttransla-
tional modification s teps which are enzymatica lly controlled 
(for review see [4]). Some of the steps, hydroxylation of lysine 
and the subsequent glycosylation and galactosylation of hy-
droxy lysine residues, are t hought to influence the macromo-
lecular organization of the molecules in tissues [4,5] . 
Skin contains interstit ial collagens type I, III, and V as well 
as the basement membrane collagen type IV [6- 8] . In addition 
al( l) t rimers were shown to be present in sk in [9]. 
Immunol1uorescence sta ining with specific antibodies have 
indicated t hat type III collagen is present in higher amounts in 
t he papillary layer than in the reticular dermis [10] . These 
results, howeve r, could not be confirmed by chem ical analysis 
of different sections of skin or by cha racterization of the 
material synthesized in fibroblast cu ltures obtained from dif-
ferent layers [11- 13]. 
l t was the a im of our study to introduce a n additional system, 
the organ culture, which a ll ows a better quantification of the 
collagen types which a re newly synthesized in a system similar 
to " in vivo" conditions. In addition variations in the degree of 
posttranslational modifications, e .g., hydroxylation of lysyl res-
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idues, have a lso been thought to control fibril formation (5] 
and cou ld be respon sible for t he characteristic macromolecular 
organ ization of co llagen molecules in the different areas of skin. 
Attempts have therefore been made to isolate individual colla-
gen types from diffe rent layers of the skin and to analyze the 
degree of hydroxylation of lysine residues. 
MATERIALS AND METHODS 
Tissu.e Mat:er£al 
Normal human skin was obtained from the upper thigh of controls 
(31 and 42 years old) during plastic surgery. T he tissue specimen was 
rinsed in phosphate-buffered saline and the epidermis was mechanically 
removed. The skin was then carefully dissected under the stereomicro-
scope in the three layers: papillary layer, reticular layer, and subcuta-
neous fat . The tissue specimens were examined by routine histology. 
A flow scheme for the experimental procedures detailed below is 
shown in Table I. 
Cell Cu.ltu.re 
Small pieces of tissue derived from the different layers were placed 
into steri le plastic culture flasks where fibroblast growth was initiated, 
as described earlier [14]. Con!1uent primary cell cultures were subse-
que ntly labeled for 24 h with 10 ,.,Ci/ml L-[2,3 -3H]proline [15] in the 
presence of 13-aminopropionitrile (50 ,.,g/ml). The incubation was 
stopped and medium was combined with the cell layer as described in 
[14]. 
Organ Cult.ure 
T issue from each of the three layers was cut in to small pieces and 
then incubated separately at 37oC for 24 h in Dulbecco's modified 
Eagle's medium containing L-[2,3-"H]proline (50 ,.,Ci/ml), /3-aminopro-
pionitrile (50 ,.,g/ml), penicillin (400 U/ ml), and ascorbic acid (100 ,.,g; 
ml). The incubation was stopped by cooling to 4 OC and decanting the 
medium. The tissue was then homogenized using a t issue homogenizer 
and co llagen was extracted with dilute acetic acid. 
Limited Pepsin. Digestion and Differential Salt Precipitation 
After extensive dialysis against 0.5% acetic acid, the pooled medium 
extract and tissue from the organ culture, and the combined cell 
fragments and medium from the cell cultu res were subjected to limited 
pepsin digestion at 18°C fo r 6 h (100 ,.,g pepsin/ml). The tissue material 
was t reated with pepsin first for 6 b and after the already solubilized 
material had been extracted for 2 additional 24-h periods. Types I and 
Ill collagen were then precipitated with 2.7 M NaCl, type I trimer and 
type V collagen with 4 M NaCI. 
NaDodSO,- Polyacrylamide Slab Gel Electrophore~; is and 
A utoflu.orography 
Electrophoretic separation of collagen u chains was performed on 
discontinuous polyacrylamide gels (gradient 5- 10%, 3% stacking gel) 
according to Laemmli [16]. 
For autofluorography, gels were processed as described earl ier (17, 
18]; for quantitative analysis, stained gels and exposed x-ray film s were 
scanned in their linear range at 575 nm and 480 nm, respectively, using 
a Zeiss KM3 chromatogram spectrophotometer. 
Chromatographic Procedures 
After pepsin solubilization and precipitation by 2.7 M NaCl, types I 
and lTl collagen were separated by molecular sieve chromatography 
under denaturing conditions on agarose A5 columns equilibrated in 1 
M CaCI,, 0.05 M Tris-HCl pH 7.4 [19]. 
Amino acid analysis was carried out as described earlier [5]. 
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T ABLE l. Prcsent.a6on of the experimental flow scheme 
Skin spec imen 
(st r. papillare, str. reticulare, subcutaneous fat) 
~ l 
fib robl ast cu lture incubation as organ culture (["HJ proline) 
t. 
extract1on 
(0.1 M AHc) 
mediu m + extracr ~tissue 
l l 
pepsin treatment pepsin treatment 
(6 h) (2 X 24 h ) 
~ .. . I prec1p1ta t 10n by 2. 7 M NaCI 
p reci~.a t.e ~supernat a n t 
(collage n types I + Ill) l 
(Table II ) · · · b N c 
1 
precql1tat.10n y 4 M a I 
slab gel electrophoresis (Fig 1) precipkate 
l (co llagen type V, <1"1 (I) t ri mer Table 3) 
aga rose chromatography l 
Solubility of Collagen 
In order to estimate the amount of co llagen obta ined in a soluble 
fo rm, aliquots of the medium and extract, the pepsin -solubilized ma-
terial, and the insoluble material were lyophilized and then analyzed 
on an automated amino acid analyzer for hydroxyproline. In the case 
of the radioactive samples, radioactivity was counted in the efflu ent 
volume using a scin tillation counter (see below) . 
Quantification of Collagen Types 
The collagen types I and III solubilized by pepsin and precipi tated 
by 2.7 M NaCl were separated by gel electrophoresis. Each sample was 
ru n under non reducing and reducing condi tions, which would shift the 
tr irners of type ri1 collagen in the position of the a l chains. The 
increase of the la t.ter band relative to Lhe tv2(J) band in the reduced 
sa mple was attributed to the presence of al (ITI) chains. In addition, 
radioactively labeled collagen types were separated by chromatography 
on agarose A5. Radioactivity elu ting as "Y components and ll' chains, 
respectively," were counted in a scintillation counte r (Beckman LS 250) 
an d were shown to be composed of type Ill and type 1 collagen, 
respectively. T ype V collagen chains and a l(l ) trimers were precipi tated 
by 4 M NaCl. The precipi ta tes containing type V collagen as well as 
type I collagen t rimers were analyzed by slab gel electrophoresis, where 
type V collagen was clea rly separated from other collagen chains. 
In some samples a small amount of type I collagen was found in t he 
4 M NaCl precipi tate. These chains were also quantitated by densitom-
etry and the amoun t of a l and cr2 chains was added to the quantity of 
type I collagen found in the 2.7 M NaCI precipi tate. 
Analysis of Hydroxylation of Lysine in Isolated Collagens Types I and 
111 
In order to enrich type I and type Ill collagen chains respectively, 
the 2.7 M NaCJ precipi ta te of the pepsin -solubili zed tissue was chro-
matographed on agarose A5. The a peak conta ining type I collagen was 
collected and used for amino ac id analysis. The "Y components including 
type III collagen were also collected and were, after reduction, rechro-
matographed on agarose A5. The material now migrating as a chain 
was desal ted and used for amino acid analysis. 
RESULTS 
For t he cha racteri zation of collage nous proteins t he papilla ry 
layer, reticula r layer , a nd subcuta neous fa t were extracted wit h 
acetic acid fo llowed by a pepsin t reatment. P epsin t reatmen t 
so lubilized only 30% of the total coll age n presen t in t he t issue, 
but nearly 70% of t he radioactively la beled , newly sy nthes ized 
slab gel elecrtrophoresis (Fig 2) 
co llage n in o rgan cultures. In prima ry fibrob last cul tures ob-
ta ined from t he diffe ren t layers, more t ha n 90% of the newly 
sy n thesized collage nous proteins was found in t he medium after 
a 24-h pul se. 
P epsin- solu bilized coll agens of the s kin samples we re a na-
lyzed by slab gel electrophoresis wi t h a nd wit hout reduction 
(not s hown ). The ll'l( f) a nd a2( l) cha ins of type I co ll agen as 
w~ll as type III co llage n cha ins were found in a ll three layers 
of t he s kin. S imila r data we re obta ined whe n t he mate ria l 
synt hesized in organ cul ture a nd ce ll cuiLure systems was 
a na lyzed . The cd (V) a nd l1'2(V) cha ins of type V coll agen were 
a lso ident ifi ed in every layer of the a ut hen tic s kin a nd we re 
syn thesized under orga n a nd ce ll cul ture condi t ions. To deter -
mine t he respective amounts o f t he individua l co llagen types 
we subjected pepsin-solubilized ma teria l from eac h sample to 
differe nt ia l sa lt prec ipi tation. 
Colla,gen ?~ypes I a.nd I I I 
T he relative a moun ts of typ e I a nd type III co llage ns were 
calcul ated from electrop he rogra ms a nd a utoflu o rogra ms a nd 
fro m chromatogra ms on aga rose A5 of t he 2.7 M NaCI precipi -
tate under reducing a nd nonreducing condi t ions (Fig 1). 
S maller a mounts of type I coll agen chai ns found in t he 4 M 
NaCl prec ipi tate were a lso ta ken in to account. T he mea n va lues 
a re based on severa l independen t estima t.ions a nd a re listed in 
Table II. The relat ive a moun t of type III co llage n was foun d to 
be increased in t,he papilla r layer a nd t he subcutaneous fat 
when compared to t he reticula r layer. T his was obvious, how-
ever, only when the collagen cha ins syn t hesized under orga n 
cul ture condi t io ns were a na lyzed . No s igni fica nt d iffe rence was 
found a mong t he different layers of t he dermis when t he 
materia l prese n t in t he t issue or synthesized by fib roblast. 
cul tures was in vestigated . 
a l (l)-Trimers and Type V Collagen 
Electropho retic a na lysis of t he ini t ia l 4 M NaCJ precipi tate 
revealed t he presence of a l (V), <~2(V ) cha ins, a nd clea rly so me 
mate ri a l migrating in the posit ion of a l (I ) a nd rr2 (1 ) cha ins 
(not s hown) . T he a l(I) a nd <Y2 (T ) cha ins were prese nt in a ratio 
which was much higher tha n 2: 1 when newly syn t hesized ma-
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ter ial extracted from organ cul tu res was investigated (Table 
Ul ), t his suggesting t he presence of n l(I) t rimers. 
For further characte ri zation and quant ification of cd(V) and 
n2(V) cha ins, a series of 4 M NaCl precipitations were carr ied 
out and analyzed on slab gel electrophoresis (Fig 2). The cha ins 
were ident ified by compari son with an authentic sample of 
human type V coll age n, by t heir cha racteristic am ino acid 
composit ion and CNBr peptide pattern (data not shown). The 
major cha ins of type V co ll agen were found in all t he laye rs in 
a constant ratio of nl(V) and a2(V) (2:1). Ident ica l data were 
obta ined with the t hree systems used. When t he n l(V) a nd 
n2(V) chains were taken together t hey accounted for about 4 -
5% of the tota l co ll age n in t he different laye rs of t he dermis in 
a ll systems studied. 
Hydroxylation of 1:ypes I and I I I Collagen 
FIG 1. Pepsin -solubilized collagen molecules we re prec ipi tated by 
2.7 M NaCI a nd t hen characte rized by slab gel electrophores is with 
(lane 4- 6) a nd wit hout (lane J- 3) reduction. Authentic human stan-
da rds were used for identification of type I a nd Ill collagen cha ins. 
Lanes I and 4, papillary de rmis; lanes 2 and 5, reticular dermis; lanes 
3 nn.d 6, subcu taneous fat. 
In order to lind out whether a different degree of hydroxy-
lation of lysine res idues may be responsib le for the observed 
specific macromolecul a r orga nization of coll age n molecu les in 
t he differen t laye rs of the dermis, the authent ic co llagen cha ins 
were iso lated and purified by chromatography on aga rose A5 
columns. Fig 3A depicts the characteristic pattern . Type r 
coll age n eluted as n component and could be directly used for 
amino ac id analys is. Type IJJ co ll agen was fo und in t he-y region 
which was collected and rechromatographed afte r reduction 
(Fig 38 ). Type III co ll age n was then present in t he cv peak. 
Slab ge l electrophoresis and t he ratio of H yp/Pro indicated 
that t he nl( lll) coll agen cha ins still conta ined some type I 
co ll agen (data not shown). In a ll instances, neither t he type I 
nor t he type III coll agen fraction isolated from the three layers 
differed in t heir degree of lysyl hydroxylation (Table IV ). 
TABLE II . Distribution. of collagen. types I and Ill 
Collagenous mate rial present in the 
tissue (n = 4) Newly synthesized materia l 
Organ cul ture 
Papill ary layer 
Reticu la r laye r 
Suhcu taneou ~ fat 
Cell culture (n = 5) 
Papilla ry laye r 
Reticu la r laye r 
Subcutaneous fat 
Type I 
87 ± 4 
91 ± 7 
87 ± 7 
(a) Calculated from s lab ge l electrophores is. 
(b) Ca lculated from aga rose A5 chromatography. 
Type 111 
13 ± 4 
9±7 
13 ± 7 
T ype 1 
(n) (b) 
82 ± 3 75 ± 2 
n =5 n =3 
90 ± 2 86 ± 1 
n =5 11 = 2 
7R ± 3 81 ± 2 
n =5 n =2 
87 ± 3 
R9 ± 
89 + 2 
TABLE Ill. Ratio of <V I and a2 chains of type I collagen. 
Organ culture 
Pap illa ry laye r 
Reticu lar laye r 
Subcuta neous fat 
Ce ll culture 
Pap illa ry laye r 
Ret icular layer 
Subcuta neous fa t. 
Tissue 
2.2±0. 1/ 1 
n =3 
2.0 ± 0.1 / 1 
n =2 
2.2 ± 0.2/1 
n =3 
2.7 M NaCL precipitate 
Newly 
synthesized materia l 
2.1 ± 0.1/1 
n =3 
2.0 ± 0.1/1 
n =4 
2.3 ± 0.1/1 
n = 4 
2.1 ± 0.2/1 
n =3 
1.9 ± 0.1/1 
n =3 
2.0 ± 0.2/1 
n =3 
Tissue 
2.2 ± 0.1/ 1 
n = 2 
2.3 ± 0.1/1 
n=2 
2.2 ± 0.2/1 
n=2 
Type Ill 
(a) (b) 
18 ± 3 2fi ± 2 
n =5 2=3 
10 ± 2 1. 4 ± 1 
n =5 11 = 2 
22 ± 3 19 ± 2 
n =!l 
13 ± :3 
11 ± 2 
11 + 2 
4 M NaCI precipi tate 
Newly 
synthes ized mate ri al 
3.3 ± 0.1/1 
n= 2 
2.9 ± 0.1/1 
n =2 
3.2 ± 0.2/1 
n =2 
2.4 ± 0.1/l 
n =4 
2.0 ± 0.2/1 
n = 4 
2.0 ± 0.2/l 
n =4 
F eb. 1984 
a1 (l)-
a 2(1)-
1 2 3 4 5 
-a 1 (V) 
-a2(V) 
FIG 2. Characteri zation of a 1 (V) and "2(V ) chains in co ll ag-enous 
material obtained from different layers of the skin afte r pepsin treat-
me n!. and precipi ta tion by 4 M NaCI. Lane I , human type I co llagen 
(standard ); lane 2, papillary layer; lane 3, reticular laye r; lane 4, sub-
cutaneous fat; lane 5 , human type V collagen (standard). 
DISC USS ION 
There is reaso n to believe t hat t he ratio of different collagen 
types a nd also their degree of posttra nslational modifications 
(h y droxylation of lysy l residues , glycosyl a tion) may ul t imately 
influence t he forma t ion of co ll age n fibril s as well as the ir 
integration into the preexi stin g extracellula r matrix [3,5 ]. Since 
t h e mac rom olec ula r organi za tion of collagen varies in t he dif-
fe r e nt layer s of huma n s kin , we studied both aspects of coll age n 
metaboli sm . Besides ana lysis o f t he ma teria l a lready present in 
t h e tissue, orga n and fibroblast culture systems were used s ince 
most of t he newly synthesi zed collagenous mate rial could be 
so lubilized so that cha racteri za tion of a representa tive amoun t 
of t he tota l collage n was possible. As expected from previ ous 
immunofluoresce nce da ta, coll age n types I a nd III were found 
in a ll the laye rs investigated [10 ,20,21]. T ype IV collagen was 
p resen t ma inly in the papillary and in the subcutaneous fa t 
laye rs whi ch a re relat ively rich in base ment membrane-co n-
tai ning structures, e.g., blood vesse ls and fat ce ll s [8 ]. Type V 
co llagen was detected in all t hree layers of t he tissue and was 
a lso syn t hesized both in organ a nd in cell cultures. 
Much e ffo rt was spent on the investigation of the ratio o f 
co llagen types I a nd fii in the dermis [6,10- 13,22]. In our 
experiments, th e ratio of type Ill to type I co llage n was higher 
in t he papillary dermis a nd in t he subcuta neous fa t laye r t han 
in t h e reticul a r dermis. These results we re obta ined by ana lyz-
in g t he co llage n cha ins which were newly synt hesized in orga n 
cul t ure. The cal culations de rived from bot h of our ana ly tica l 
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FIG 3. Characte rization of pepsin -solubili zed co llagen fro m the re-
ticular layer of the dermis by chromatography on agarose A5 under 
denaturing condi tions (1 M CaCI2 , 0.05 M Tris pH 7.4 ). A, Unreduced 
materi al. B, Rechromatography of the material eluting as y components 
in A after reduction. T he sol£d line represents unlabeled mate rial 
isolated by pepsin trea tment from tl1e tissue. Abso rbance was measured 
at 226 nm, using a spectrophotometer. 
TABLE IV. Hydroxylat ion of ly~ine residues in collagen types isolat('d 
fro m different layers of the dermis (n = :J) 
Type I 
collagen 
Hyi/ Lys 
Hyi/ Hyp 
Type Ill 
collagen 
Hyl/ Lys 
Hyi/ Hyp 
Pnpi llmy 
laye r 
0. 138 ± 0.03 
0. 05 I ± 0.007 
0.14 9 ± 0.02 
0 .052 ± 0.007 
Ret icul a r 
layer 
0.137 ± 0.040 
0.049 ± 0. 009 
0. 124 ± 0.06 
0.05 1 ± 0.007 
Subcutaneous 
rat 
O.l :17 ± 0.02 
0 .042 ± 0.006 
0 .1 39 ± 0.045 
0.048 ± 0.016 
methods, s lab gel electrophores is unde r reducing a nd nonre-
du cing condi t ions a nd molecul a r s ieve chromatorrra phy arrreed 
we ll wi t hin t he ex pe rim enta l limi ta ti ons. This ~l c reas~ct"'con ­
tent of typ e III collagen in t he papilla ry layer co rrelates we ll 
with the prese nce of t hin fibril s in this area 11,2:3,24] . In 
accordance with previous ly publis hed data, we found a lower 
amount of type IIJ co llagen in the authentic ti ssue (p robab ly 
ca used by a reduced solubility due to lower suscept ibilit .v of 
type Ul co ll age n to pepsin digestion) and in fibroblast cul tures 
(presum a bly due to a n a ltered ce ll - matrix interaction) [1 2,13]. 
Our experiments a lso indicate the presence of n l(l ) t rim ers 
in t he dermi s. Howeve r, in agreement with prev ious da ta 19 ], 
t hese t rim ers accounted for less t han J - 2'?1' o f t he total p rote in . 
In additi on, the trimers could be not·ed in t he newly synthesized 
co ll agens only a nd it cannot be excluded that selecti on of 
co ll age n cha ins is a ltered under culture co ndi t ions as it has 
bee n prev iously suggested [25- 27 ]. 
T yp e V co ll arren cha ins we re found in the sa me ratio in a ll 
the laye rs of th e dermi s a nd it is thus unlik ely that t hi s co llagen 
type is responsible for t he diffe rences in the macromolecul a r 
orga ni zation of co ll agen in the three laye rs. Besides se lection 
of co llage n types, postt.ransla ti ona l modifi cation of coll age n 
molecul es a re al so t bought to influence t he mac romolecul a r 
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o rcrani zatio n in to fi b ril s [4,5]. During e mbryo nic developmen t [ 5~1 5] a nd unde r pa thologic co ndi t ions [28,1"], a high degree of 
hyd roxy latio n o f lys in e res idues was fo und which is a pre req -
u is ite fo r t he add it ion of sugar residues to collagen cha ins. 
Hi ghly glycosy lated coll age n cha ins may t herefo re expla in 
t he fo rmation of t hin collage n fibril s whi ch a re prese nt unde r 
t hose condi t ions [5, 15 ]. H owever , a lt hough collage n fibril s dif-
fe r in respect to t he ir di a mete r in va ri ous layers o f t he dermis, 
s imila r degrees of hydroxylation of lys ine found in coll agen 
types l a nd Ill isolated from stratum papillare, stratum retlc-
ula re, a nd t he subcutaneous fat indicate t he presence o f othe r 
mec ha nis ms, a llowin g t he fo rmation of a specifi c macromo-
lecul a r o rga ni zatio n of co llagens in t hese t issue. . 
In addi tio n , our data de monstrate the adva ntage of o rga n 
cul t ure whi ch a llows a n easy cha racte ri zation o f t he n ewly sy nthe~ i zed coll age ns but a lso re fl ects a n " in v ivo" s itu a tion . 
T hey a lso poin t to t he importan ce o f ~smg d1ffe rent .~ystems 
in a na lyzin g co ll agen typ es in bio log1c t 1ssues, s1nce diffe rences 
may not be obse rved unde r a ll expe rimen tal conditions. 
lt re ma ins uncl ear , howeve r, whethe r t he obse rved m crease 
in t he re lative a moun t of t ype lll coll age n in the papilla r dermis 
a nd t he subcuta neous fat layer is a lone respons ible for th e 
spec ifi c macromolecula r orga n.izatio n of the conne.ctive tissue 
in t hese laye rs. Othe r steps 111 coll agen metabolism , o r t he 
in te ract ions o f co ll age n wi t h n oncoll age nous components of 
connective t issue may al so influence t he fo rmation of coll age n 
fib ril s . 
We t hank Prof. K. Kuhn and Dr. R. Timpl for helpful discussions, 
and ack nowledge t he excellent technical assista nce of A. Pavlovic and 
D. Veranic. 
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